Abstract Most umbrella pine (Pinus pinea L.) stands are managed as agroforestry systems, whose main production is fruit, due to the edible and highly nutritious kernels, and are frequently associated to natural or seeded pastures and grazing. The stands have low density, in order to enhance crown growth and fruit production. Nevertheless, cone production, both with regard to number and weight, varies greatly between stands, trees and years. In this study were selected three agroforestry systems, representative of umbrella pine stands whose main production is fruit, and one stand representative of the timber production system, where fruit is the secondary production. It was evaluated the variability in cone production as a function of the tree's diameter at breast height and crown diameter and the individual tree's competition status. The results indicate that stands managed in agroforestry systems with lower competition and individuals with larger diameter at breast height and crown diameter tend to produce more and heavier cones per tree. The first two principal components of the principal component analysis explain 84 % of the variance in cone production, trees' dimensions and competition index. Tree competition status has a negative impact on production per tree.
Introduction
Most Portuguese umbrella pine (Pinus pinea L.) stands are located in southern coastal regions, representing about 50 % of the forest area, two thirds with 40-120 treesha -1 (IFN5 2010). The stands are characteristic of agroforestry systems, whose main production is fruit associated with natural or seeded pasture and grazing. These systems are advantageous as they provide diverse products and yields (Jose et al. 2004; Eichhorn et al. 2006; Nerlich et al. 2013) , especially in the Mediterranean region, where there are water limitations (Eichhorn et al. 2006 ) and erosion risks, due to the climate (Reisner et al. 2007 ). Also, umbrella pine was identified as a target species for agroforestry in Europe (Reisner et al. 2007 ).
Fruit and seed production studies are frequently focused on natural regeneration (e.g. Harmer 1994 Harmer , 1995 Mencuccini et al. 1995; Sirois 2000; Lusk et al. 2007 ). In the literature, studies are found on umbrella pine cone production, modelling and variability (e.g. Montero-González et al. 2004; Calama and Montero 2007; Calama et al. 2008 Calama et al. , 2011 Gonçalves and Pommerening 2012) , mechanical harvest (e.g. Bonari et al. 1980; Castro-García et al. 2012) and cone characterisation (e.g. Nergiz and Dönmez 2004; Costa et al. 2008; Evaristo et al. 2008) .
The number of trees per area unit and their spatial distribution are used to estimate the available growing space for the individuals in a stand. Competition indices can be considered as aggregated measures for resource availability of individual trees, which reflect their growth conditions better than their dimensions (Pretzsch 2009; Burkhart and Tomé 2012) . These indices are used to investigate the effects of competition on growth and timber production (e.g. Alemdag 1978; Tomé and Burkhart 1989; Biging and Dobbertin 1992; Moravie et al. 1999; Pretzsch et al. 2002) .
Umbrella pine agroforestry systems, whose main production is fruit, have lower densities in number of trees and basal area per hectare, when compared with timber production systems (Agrimi and Ciancio 1994; Montero-González et al. 2004; Costa et al. 2008 ). However, similar to the latter, seed producer crowns are frequently released from neighbouring competition to enhance fruit production. Silvicultural practices promote canopy openings, so that crowns are in free growth and maximize cone yield (Montero-González et al. 2004; Barbeito et al. 2008) . Also, according to Agrimi and Ciancio (1994) and Bachiller (1995) , fruit production is correlated to crown size.
There is a large variability in umbrella pine cone production between years and trees (Agrimi and Ciancio 1994; Saraiva 1997; Mutke et al. 2005; Calama et al. 2008; Rodrigues et al. 2014 ). The mean production is 100-120 conestree -1 in Portugal, with 200-250 conestree -1 in the Setúbal district (Carneiro et al. 2007) . Montero-González et al. (2004) , Calama and Montero (2007) and Castro-García et al. (2012) found a mean production of 1-57 conestree -1 , for Spain with the higher production in lower density stands. Bonari et al. (1980) and Agrimi and Ciancio (1994) (Rodrigues et al. 2014) . Montero-González et al. (2004) and Calama et al. (2011) refer to values between 0.2 and 160 kgtree -1 for Spain. Fresh cone weight ranges from 29 g to more than 800 g. Saraiva (1997) attained a mean fresh cone weight of 286 g and Evaristo et al. (2008) between 122 and 300 g for Portugal. Montero-González et al. (2004) and Calama and Montero (2007) reported a fresh cone weight between 29 and 852 g for Spain; Bonari et al. (1980) 344-423 g for Italy; Ganatsas et al. (2008) 101.2-162.5 g for Greece; and Boutheina et al. (2013) 60-389 g for Tunisia. Evaristo et al. (2008) refer that cones tend to be heavier in low density stands. Montero-González et al. (2004) did not find a clear trend between diameter at breast height and cone weight.
Tree spatial distribution in a stand and individual tree dimensions seem to affect fruit production both in terms of individual trees and per unit area. Umbrella pine is shade intolerant and fruit production is located in the outer crown. The objective of this study is to analyse the interaction between tree dimensions and cone production, using bivariate correlations in the first approach and partial correlations in the second. The specific goals of the study are to analyse: (1) cone production per tree and their inter stand type and inter annual variability; (2) the relation between cone weight, diameter at breast height and crown diameter; (3) cone moisture content variability between the types of stands and years; (4) the effect of individual tree competition status on cone production.
Materials and methods

Study areas and data collection
In the Setúbal district three representative stands of agroforestry systems whose main species is umbrella pine were selected to settle plot 1 (geographical coordinates, 38°21 (Avery and Burkhart 1994) for all individuals with d C 10 cm. The plots' main characteristics are shown in Table 1 .
In each plot, all cones per tree were counted and weighted. Three cones were randomly selected from each tree and stored in a plastic bag identified with the tree number. In the laboratory, each cone was weighted individually, then dried in a ventilated oven at a temperature of 40-45°C until the cone opened and was weighted again. The data were collected in three surveys (2003, 2004 and 2005) . Cone moisture content (CMC) was calculated as the difference between the fresh and dry cone weights divided by the fresh cone weight (in %). Mean cone moisture content was defined as the arithmetic mean of the moisture content of the three sampled cones (in %).
Competition indices
Many distance-dependent competition indices have been developed (e.g. Alemdag 1978; Tomé and Burkhart 1989; Biging and Dobbertin 1992; Moravie et al. 1999; Pretzsch et al. 2002) , frequently considering diameter at breast height and total height as tree dimension descriptors. Their calculation is based on the definition of the influence zone and their mathematical formulation (Alemdag 1978) . Three indices (Table 2) , modified index (MAO), unilateral index (UAO) (Tomé and Burkhart 1989) , and Moravie index, with their three formulations (IM1, IM2, IM3) (Moravie et al. 1999) , were selected from among the existing indices. The selection of competitors for MAO and UAO was based on the overlap area between the central tree i and a competitor j, by D ij \ AF i ? AF j (where D ij is the distance between the central tree i and the competitor j and AF i and AF j their area of influence) considering a circular area whose radius is equal to or a multiple of the tree crown radius (Tomé and Burkhart 1989) . Four influence area factors were used, 1, 2, 3 and 4 times the mean crown radii (defined as the arithmetic mean of the four crown radii measured), as suggested by Tomé and Burkhart (1989) . Selection of competitors for Moravie index was based on the distance between the central tree i and the competitor j by D ij B k 9 d j (d j the diameter at breast height of the competitor). The distance radial factor, k ¼ 100= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2500 Â BAF p , was based on the angle count sampling from Bitterlich, where BAF is the basal area factor. Four basal area factors were considered, 1, 2, 3 and 4, as suggested by several authors (e.g. Tomé and Burkhart 1989; Pretzsch 2009; Burkhart and Tomé 2012) . Several methods of edge correction are mentioned in the literature (Pommerening and Stoyan 2006; Pretzsch 2009; Burkhart and Tomé 2012) , depending on the index algorithm and tree spatial distribution pattern. Pukkala and Kolström (1987) considered a 4 m boundary buffer zone and Pommerening and Stoyan (2006) a 5 m one, indicating that this method should be applied for samples larger than 100 individuals. In our study a boundary strip inside the plots was defined as a function of the plot's dimension. The boundary strip has a width of 12 m in plot 4, 10 m in plots 1 and 3, and 6 m in plot 2.
Statistical analysis
Assumptions of normality and homogeneity of variances were evaluated with Kolmogorov-Smirnov and Levene tests, respectively. As these assumptions were not met, non-parametric tests were used. Nonparametric two-way ANOVA, followed by Fisher LSD multiple comparisons test applied to ranks (Shah and Madden 2004) , were used to test differences in the score of the mean cone moisture content per tree among plots and years. Kruskall-Wallis test, followed by Fisher LSD multiple comparisons test applied to ranks with Holm method for adjusting p values (Wright 1992; Sheskin 2007) , were used to test differences in cone weight among diameter at breast height and crown diameter classes, of 10 cm and 1 m, respectively. Whenever needed, the 10-20 cm and 20-30 cm, and 50-60 cm and 60-70 cm, diameter at breast height classes were grouped, due to the small number of individuals per class. Similarly, the crown diameter classes between 1 and 4 m and between 13 and 18 m were also grouped. Spearman and Pearson correlation coefficients were used to measure the association between variables. The latter was also used to select the competition index included in the multivariate analysis. Principal component analysis (PCA) (Johnson and Wichern 2007) was used in multivariate data analysis of mean production per tree (number and weight of cones), diameter at breast height, crown diameter and selected competition index. Original variables were standardized to zero mean and unit variance, because they were measured in different units. Kaiser's rule was used to decide how many components were to be retained: only the principal components with eigenvalues greater than one were selected. The statistical analysis was 
Results and discussion
Cone production per tree and relation with diameter
The number of cones per tree varies between 1 and 516, with an average of 41 cones. The results are in the range of those obtained by Calama and Montero (2007) , but smaller than those presented by Carneiro et al. (2007) . The larger production per tree, of the latter, could be related to the tree crown diameter, frequently more than 10 m, while in this study it varies between 6.5 and 8.5 m (cf. Table 1 ). Plot 4 has the largest number of cones per tree while plot 2 presents the smallest (Table 3) , corresponding to the lowest and highest densities, respectively (cf. Table 1 ). There seems to be a trend towards higher fruit production for trees with larger d and d c . Similar trends are reported by Evaristo et al. (2008) and Boutheina et al. (2013) for umbrella pine and by Zardo and Henriques (2011) for Caryocar brasiliense. Plot 1 and 3 have similar N and G, but d c and the number of cones per tree is higher in plot 3. This is related to a larger outer crown area which enables higher fruit production (Agrimi and Ciancio 1994; Bachiller 1995; Mutke et al. 2011) . 
i is the central tree, j the competitor, D ij the distance between the central tree i and the competitor j, d the diameter at breast height, as ij the area of overlapping of the central tree i and the competitor j, AI i the influence area of central tree i, n the total number of competitors (n = n1 ? n2), n1 number of dominant neighbours, n2 number of dominated neighbours, h the tree total height, R the radius of the circle that contains the competitors, AF the tree area of influence, k the distance radial factor
The inter-annual analysis shows an increase in the number of cones per tree from the first to the last survey (Table 3) . Analysis per plot 9 year reveals an increase in the number of cones per tree, from the first to the last survey in plots 2, 3 and 4. On the contrary, in plot 1 production decreases to less than half from the first to the second survey (from 32 to 12 conestree -1 ) with a small increase in the third survey (17 conestree -1 ). The largest increments in cone production per tree from the first to the last survey occur in plot 4 (47, 91 and 131 conestree -1 in 2003, 2004 and 2005, respectively) . The fruit production pattern per tree and unit area can be associated to genetics, location, and climate, among other factors, as indicated by Brauer et al. (2006) for Junglas nigra. The four plots were settled in areas with similar climate and soils, thus production variability between years might be partially explained by an irregular fruiting pattern, typical of this specie (Agrimi and Ciancio 1994; Saraiva 1997; Mutke et al. 2005) .
The mean cone weight is 11 kgtree -1 , varying between plots and years (Table 3) . Plot 4 has the highest production in all the years, with a maximum of 47.6 kgtree -1 (2003), 138.3 kgtree -1 (2004) and 100.0 kgtree -1 (2005). The mean cone weight per tree is smaller than that reported by Rodrigues et al. (2014) , whose trees have a mean crown diameter (12 m) larger than that of the trees in this study (cf. Table 1 ).
In general, diameter at breast height (d) and crown diameter (d c ) show weak positive correlation with total cone weight per tree (Table 4) . This is expected due to cone production variability between stands, trees and years (Mutke et al. 2005; Calama et al. 2008; Rodrigues et al. 2014) . Lamien et al. (2007) (Table 4 ).
Significant differences are found in cone weight per tree among d classes (v 3 2 = 187.802, p \ 0.001) and d c classes (v 10 2 = 259.690, p \ 0.001). Cone weight increases with an increase in d (Fig. 1) and d c (Fig. 2) , in accordance with Agrimi and Ciancio (1994) and Bachiller (1995) . Noteworthy is that more than 72 % of the observed cone weights occur in trees with d c between 6 and 10 m, which is linked to management practices that promote free growth and large crowns (Oliver and Larson 1996) and enhance fruit production Mutke et al. 2011; Gonçalves and Pommerening 2012) .
Individual cone moisture content (CMC) and weight
There is a small variation in CMC between plots and years, with a mean of 30.0 % (SD = 3.5 %). Nonetheless, the results in Fig. 3 (SNIRH 2015) in the week prior to harvest, while in 2005 the dense fog in the week prior to and during the harvest day, can partially explain the higher CMC.
Fresh cone weight for all cones shows a wide variation (Table 3) , from 44.9 to 544.7 g, with half of the cones presenting a fresh cone weight of at least 285.0 g. These results are in accordance with those of Bonari et al. (1980 ), Saraiva (1997 , MonteroGonzález et al. (2004) , Calama and Montero (2007) , Evaristo et al. (2008) and Boutheina et al. (2013) . Dry cone weight shows the same trend as the fresh cone weight, due to small variability in CMC. It varies from 30.2 to 389.6 g, with half of the cones weighting at least 200.6 g. Both fresh and dry cones are heavier in plots 3 and 4 than in plots 1 and 2 (Table 3 ; Fig. 4 ). Plot 2 with highest density has the lightest cones, while plot 4 with the lowest density has heaviest cones (cf. Table 1 ). Plots 1 and 3, with similar N and G (cf .  Table 1) , have different mean fresh and dry cone weights, which can be explained by the larger number of lighter cones found in plot 1. The difference in fresh cone weights and the difference between fresh and dry cone weights in 2004 are partially due to the higher CMC. A smaller dispersion in both fresh and dry cone weights as well as presence of both superior and inferior outliers is observed in 2004 (Fig. 4) . In 2005 a slight negative asymmetry occurs, i.e., there is a higher frequency of cones with weights larger than the mean.
A very strong positive linear relation (r = 0.987, p \ 0.001) is found between fresh and dry cone Crown diameter classes (m) Cone weight per tree (kg) Fig. 2 Cone weight per tree per crown diameter classes (different letters indicate significant differences in cone weight among diameter classes, at p \ 0.05) weights for all plots and surveys, per plot (0.992, 0.983, 0.986 and 0.967, for plots 1, 2, 3, and 4, respectively) and per year (0.988, 0.980 and 0.990, for 2003, 2004 and 2005, respectively) . Thus, increases in dry cone weight are correlated with increases in fresh weight, which is in accordance to the results of CMC.
No significant differences are found between fresh cone weight among d classes (v 5 2 = 10.747, p = 0.057), however significant differences are attained for dry weight (v . There seems to be a trend towards heavier cones in trees with d C 60 cm (Fig. 5) and d c C 6 m (Fig. 6) . Notable is the smaller variability in the fresh and dry cone weight for the first and last classes d and d c (Figs. 5, 6 ). Effect of competition on cone production
There is a weak and negative or non-existent correlation between the four competition indices and cone production. Pearson correlation coefficient varies from -0.337 to -0.002 and from -0.347 to -0.012 for the weight and number of cones per tree, respectively. The negative correlations show a trend towards a decrease in cone production with increased competition. Similarly, several studies refer to the negative impact of competition on growth. Pukkala and Kolström (1987) (Table 5 ). The weaker correlations can be, at least partially, explained by the inter-tree and inter-annual cone production variability (e.g. Montero-González et al. 2004; Calama and Montero 2007; Calama et al. 2008 Calama et al. , 2011 .
The first two principal components of PCA explain 84 % of the total variance for cone production, tree dimensions and competition index (Table 6 ). They (Fig. 7) . It increases with an increase in cone production and in d and d c and with a decrease in competition. The second component is strongly related with cone production, increasing with increased cone production per tree. Overall, the trees in plots 1 and 2 are under the influence of strong competition and have smaller d and d c , which is reflected in the lower cone production per tree (Fig. 8) .
These effects are more evident in plot 2 where density is higher (cf. Table 1 ) and in plot 1 where trees have a spatial arrangement in groups with gaps between them. In plot 3 there is a predominance of trees with large d and d c with low competition and cone production (Fig. 8 ). This effect is related to the spatial arrangement, where a single tree distribution of trees of different dimensions occurs. Plot 3 has the largest proportion of trees with d B 30 cm (31 %) when compared to the other plots (25, 19, 16 %, in plot 1, 2 and 4, respectively). Trees in plot 4 have large d and d c , low competition and the highest cone productions (Fig. 7) . This plot has the lowest density and a more regular tree spatial distribution. It can be noted that cone production in plots 3 and 4 was higher in 2005 than in 2003 and 2004 (Fig. 8) . Gonçalves and Pommerening (2012) observed, using the mark correlation function, that pairs of trees at small distances have smaller d c than the plot average and that there is a All correlations are significant at 1 % trend towards inhibition of cone production per tree at small distances followed by mutual stimulation at larger distances. Similarly, in this study the stronger competition pressures present a negative impact on cone production.
Conclusions
Cone production per tree shows a trend towards higher production in lower density stands, that is, in stands managed as agroforestry systems, especially noticeable in plot 4. Diameter at breast height and crown diameter have a weak positive correlation with cone production, due to inter-annual variability. Also, significant differences in cone weight per tree are found among diameter at breast height and crown diameter classes. Cone weight increases with an increase in both diameters. Fresh and dry cone weights have a very strong positive linear relation, due to the rather constant moisture content. The negative correlations show a trend towards a decrease in cone production with an increase in competition. Regardless of the inter-tree and inter-annual cone production variability there seems to be a clear trend towards their reduction with increased competition. Management of umbrella pine stands seems better suited for agroforestry systems where the trees are in free growth, especially if they have a uniform spatial distribution and the neighbours have similar sizes, as it reduces competition and enhances fruit production in outer crowns. In addition, low crown cover promotes pasture and grazing, enabling product diversification, and trees and pasture ground cover reduce erosion risks, especilly important in the mediterranean region where precipitation is concentrated in time. 
